of surgery in 121 (34.8%) of these patients. Although the average mean arterial blood pressure during cardiopulmonary bypass did not differ, the mean arterial blood pressure at the limit of autoregulation and the duration and degree to which mean arterial blood pressure was below the autoregulation threshold (mm Hg × min/hr of cardiopulmonary bypass) were both higher in patients with acute kidney injury than in those without acute kidney injury. Excursions of mean arterial blood pressure below the lower limit of autoregulation (relative risk 1.02; 95% confidence interval 1.01 to 1.03; p < 0.0001) and diabetes (relative risk 1.78; 95% confidence interval 1.27 to 2.50; p = 0.001) were independently associated with for acute kidney injury. Conclusions: Excursions of mean arterial blood pressure below the limit of autoregulation and not absolute mean arterial blood pressure are independently associated with for acute kidney injury. Monitoring cerebral oximetry index may provide a novel method for precisely guiding mean arterial blood pressure targets during cardiopulmonary bypass. (Crit Care Med 2013; 41:464-471) 
A cute kidney injury (AKI) develops in 5% to 30% of patients after cardiac surgery, predisposing such patients to in-hospital and long-term mortality (1) (2) (3) . Renal hypoperfusion resulting from hypotension during and after surgery is a potentially modifiable risk factor for AKI (4) (5) (6) . Our group has evaluated whether real-time monitoring of cerebral blood flow (CBF) autoregulation may provide a more precise approach for determining mean arterial blood pressure (MAP) targets during cardiopulmonary bypass (CPB) than the current standard of care in which MAP targets are empirically Objectives: To determine whether mean arterial blood pressure excursions below the lower limit of cerebral blood flow autoregulation during cardiopulmonary bypass are associated with acute kidney injury after surgery. Setting: Tertiary care medical center. Patients: Four hundred ten patients undergoing cardiac surgery with cardiopulmonary bypass. Design: Prospective observational study. Interventions: None. Measurements and Main Results: Autoregulation was monitored during cardiopulmonary bypass by calculating a continuous, moving Pearson's correlation coefficient between mean arterial blood pressure and processed near-infrared spectroscopy signals to generate the variable cerebral oximetry index. When mean arterial blood pressure is below the lower limit of autoregulation, cerebral oximetry index approaches 1, because cerebral blood flow is pressure passive. An identifiable lower limit of autoregulation was ascertained in 348 patients. Based on the RIFLE criteria (Risk, Injury, Failure, Loss of kidney function, Endstage renal disease), acute kidney injury developed within 7 days chosen, often to 50 mm Hg and transiently even lower (7) (8) (9) (10) . Importantly, we have found that slow waves (20 s to 3 mins) of near-infrared spectroscopy (NIRS) signals provide a clinically suitable surrogate for CBF during autoregulation monitoring (11, 12) . Since NIRS is noninvasive, continuous, and widely used during cardiac surgery for monitoring cerebral oxygen saturations, our methods could be widely applied. Like blood flow in the brain, blood flow to the kidney is autoregulated to ensure flow over a range of blood pressures (13) . Optimizing MAP to ensure cerebral perfusion has been found to benefit the function of other organs, suggesting that the brain may serve as an "index organ" for determining appropriate MAP during CPB (14, 15 ). An additional aim of our ongoing investigations is to evaluate the relationship between blood pressure relative to the CBF autoregulation threshold and renal function. In this study, we hypothesize that the duration and degree to which MAP remains below the lower limit of CBF autoregulation as determined with NIRS is associated with AKI after cardiac surgery.
METHODS
All procedures received the approval of the Institutional Review Board of The Johns Hopkins Medical Institutions and were performed after patients granted written informed consent. Patients undergoing elective coronary artery bypass graft (CABG) surgery and/or valvular surgery requiring CPB were enrolled between June 6, 2008, and June 29, 2011, as part of a parent study to evaluate the accuracy of NIRS for monitoring CBF autoregulation (7, 9) . Patients with end-stage renal disease were excluded.
Perioperative Care
During surgery, the patients received routine institutional care that included direct radial artery blood pressure monitoring and a balanced anesthetic with midazolam, fentanyl, and isoflurane; pancuronium was administered for skeletal muscle relaxation (7, 8) . CPB was achieved during surgery with nonpulsatile flow between 2.0 and 2.4 L/min/m 2 by using a nonocclusive roller pump and a membrane oxygenator. The patients were managed with α-stat pH management. During CPB, isoflurane concentrations were held between 0.5% and 1.0% by using a vaporizer in line with oxygenator gas inflow. Normocarbia was maintained during CPB by varying gas flow based on arterial blood gas measurements from an oxygenator-based, continuous inline arterial blood gas monitor that was calibrated hourly. Blood pressure levels during CPB and the rate of patient rewarming were determined by standard institutional practice. Postoperative care included continuous echocardiograph monitoring in the intensive care unit and on the postoperative ward.
NIRS-Based Autoregulation Monitoring
Before having anesthesia induced, the patients were connected to an NIRS monitor (INVOS, Somenetics, Boulder, CO) via sensors placed on the right and left sides of the forehead. The acquisition and analysis methods for processing NIRS signals and MAP have been described (7, 8) . Briefly, analog arterial blood pressure signals were digitized and then processed along with digital NIRS signals by a personal computer that used ICM+ software (University of Cambridge, Cambridge, United Kingdom). Signals were filtered as nonoverlapping 10-s mean values that were time-integrated, a method that is equivalent to applying a moving average filter with a 10-s time window and resampling at 0.1 Hz. The purpose of this process is to eliminate high-frequency components (e.g., the respiration and pulse waveforms). Additional high-pass filtering was performed with a DC cutoff set at 0.003 Hz to remove drifts, such as those resulting from hem dilution. A continuous, moving Pearson's correlation coefficient between MAP and NIRS signals was then calculated to generate the variable cerebral oximetry index (COx). Each calculation was carried out with consecutive, paired, 10-s averaged values from 300 s duration, incorporating 30 data points for each index (7, 8) . When MAP is within the limits of CBF autoregulation, COx approaches zero, but when MAP is outside the limits of autoregulation, COx approaches 1, indicating that CBF is blood pressure passive.
AKI Definition
We defined AKI by comparing the maximal change in serum creatinine or estimated glomerular filtration rate (eGFR) in the first seven postoperative days with baseline values measured before surgery. The primary outcome was AKI based on the RIFLE criteria: 1) Risk defined as an increase in plasma creatinine × 1.5 or decrease in eGFR by >25% from baseline; 2) Injury defined as an increase in plasma creatinine × 2 or a decrease in eGFR by >50% from baseline; and 3) Failure defined as an increase in plasma creatinine × 3, plasma creatinine ≥350 µmol/L, an acute rise in plasma creatinine of ≥44 µmol/L from baseline, or new renal replacement therapy (3, 16) . Plasma creatinine was measured at the Clinical Chemistry Laboratory of The Johns Hopkins Hospital with commercial kits (Roche Diagnostics, Indianapolis, IN) that have a sensitivity of 0.1 mg/dL. Baseline serum creatinine was defined as the last value collected before surgery. Estimated glomerular filtration was calculated with the simplified Modification of Diet in Renal Disease formula (17) .
Data Analysis
COx values for each patient during CPB were categorized into 5 mm Hg MAP bins. The exact COx denoting the lower autoregulation threshold is not clear. The highest MAP associated with COx ≥ 0.3 was chosen as the lower limit of autoregulation (7, 11) . Patients whose COx was ≥ 0.3 at all MAP and those without a clear autoregulation threshold were excluded from this analysis. Excursions below the lower limit of autoregulation were quantified considering both magnitude (mm Hg) and duration (mins) as the area under the curve of the product of MAP vs. time normalized for hour of CPB (mm Hg × min/hr) (18) .
The patients were categorized according to whether they developed AKI. Continuous data between these groups were compared with analysis of variance and with Bonferroni's correction when multiple comparisons were performed. Dichotomous data were compared with Fisher's exact test. Nonnormally distributed data were log transformed before analysis. Generalized linear model with Poisson distribution and robust standard errors were used to identify variables independently associated with AKI and estimate the relative risk for AKI and the associated 95% confidence intervals. Variables with a value of p < 0.2 based on univariate analysis were included in the modeling. Statistical analysis was performed with Stata software version 11 (StataCorp LP, College Station, TX).
RESULTS
Autoregulation data from 410 patients were available for analysis. In 48 patients, COx was ≥0.3 at all MAPs, and in 14 patients, a clear autoregulation threshold with declining MAP did not occur. Of the remaining 348 patients, AKI occurred in 121 (34.8%) patients. Demographic and other patients characteristics of the patients included in this analysis are shown in Table 1 . The percentage of patients with a history of diabetes, congestive heart failure, and aspirin use was greater in those with AKI than in those without AKI (Table 1 ). Compared to patients without AKI, those with AKI had a higher average pulse pressure, were more likely to have a pulse pressure > 60 mm Hg, and had higher 30-day mortality. With the exceptions of more males and a lower frequency of preoperative angiotensin-converting enzyme inhibitor therapy, there were no difference between the 62 patients without a clear autoregulation threshold and the 348 patients included in the analysis ( Table 2) . A clinical COx recording from a patient during CPB demonstrating the methods for determining autoregulation thresholds is shown in Figure 1 . Most episodes of AKI were in the risk category (Fig. 2) . Patients who developed AKI had similar MAPs during surgery but higher estimated lower limits of autoregulation (Table 3) . Consequently, patients with AKI had a higher magnitude-duration of MAP below the lower limit of autoregulation. The distribution of the blood pressure data below the autoregulation limit for patients with and without AKI is shown in Figure 3 . The data were skewed toward higher values with the median value lower in the patients without AKI compared with those with AKI. The normalized product of magnitude-duration of MAP below the lower limit of autoregulation during CPB (p < 0.0001) and diabetes (p = 0.001) were independently associated with AKI ( Table 4) .
Variables entered into the initial general linear model included history of congestive heart failure, diabetes mellitus, current smoking, aspirin use, baseline pulse pressure > 60 mm Hg, and magnitude-duration of MAP below the lower limit of autoregulation. The risk of AKI was 10% (95% confidence intervals 7.2% to 18.8%) for each 5 mm Hg x min/hr of MAP below the limit of autoregulation. The area under the receiver operator characteristic curve for the model was 0.656 (95% confidence interval 0.58 to 0.72). The predictive modeling was repeated without the variable normalized product of magnitude-duration of MAP below the lower limit of autoregulation during CPB. Factors independently associated with AKI in the latter analysis were current smoker (relative risk 0.59; p = 0.040; 95% confidence interval 0.35 to 0.98), congestive heart failure (relative risk 1.52; p = 0.007; 95% confidence interval 1.12 to 2.06), and pulse pressure > 60 mm Hg (relative risk 1.5; p = 0.013; 95% confidence interval 1.09 to 2.09) with an area under curve for the receiver operative characteristic curve of 0.613. The two receiver operative characteristic curves were not different (p = 0.4378).
DISCUSSION
Using a novel technique to monitor autoregulation, we found that patients who developed AKI within 7 days of surgery had a Figure 1 . Clinical cerebral oximetry index (COx) recordings during cardiopulmonary bypass illustrating a lower limit of cerebral autoregulation at a mean arterial bloovd pressure (ABP) of 80 mm Hg (red asterisk). The top channel represents raw ABP and regional cerebral oxygen saturation (rSO2) for each cerebral hemisphere. Right and left COx recordings are shown in the other graphs. The lower limit of autoregulation is defined as the blood pressure where COx increases from < 0.3 to ≥ 0.3 (see text).
higher lower limit of CBF autoregulation than did patients who did not develop AKI. As a result, the product of the magnitude and duration of MAP below the lower limit of autoregulation during CPB was higher for patients with AKI than for those who did not develop AKI, despite a similar average MAP during surgery. The magnitude-duration spent with MAP below the lower autoregulation limit was independently identified as a risk factor for AKI. These results suggest that maintaining MAP above the real-time determined lower limit of cerebral autoregulation may be an effective strategy for reducing AKI after cardiac surgery.
Brain and kidney injury are devastating complications after cardiac surgery, and both are associated with in-hospital and long-term mortality (1) (2) (3) 19) . Normally, CBF is autoregulated to satisfy the metabolic needs of the brain tissue while renal blood flow is autoregulated to control body solute, toxin, and fluid balance and to preserve glomerular structure (13, 20) . Our data suggest that obligate cerebral blood pressure is related to obligate renal blood flow and that maintaining MAP above the lower limit of CBF autoregulation may ensure renal perfusion that is adequate to prevent injury. These findings are consistent with those of Murkin et al (14) who found in a randomized trial of 200 patients undergoing CABG surgery that interventions targeted at declines in NIRS-detected regional cerebral oxygen saturation were associated with a shorter duration of hospitalization in the intensive care unit and a reduced prevalence of major organ morbidity and mortality (death, lung ventilation > 48 hrs after surgery, stroke, myocardial infarction, and return to the operating room for bleeding) compared with patients who did not have clinical NIRS monitoring. In that study, COx was not monitored and no episodes of renal-only injury endpoints were reported (dialysis-dependent renal failure). Notably, in our study there was no difference in average NIRS regional cerebral oxygen saturation during surgery between patients with and without AKI. Thus, because the relationship between MAP and the limits of CBF autoregulation are assessed, monitoring COx during CPB may have value beyond that of monitoring only NIRS.
In a prior study that used transcranial Doppler methods, we noted a wide range of MAPs at the lower limit of autoregulation (40 to 90 mm Hg), suggesting that when standard blood pressure management is used, many patients will have blood pressures that may predispose them to cerebral ischemia (9) . Perioperative stroke occurred in 12.3% of patients who had impaired autoregulation during CPB but in only 2.2% of patients whose autoregulation was not impaired (p = 0.005). In previous laboratory and clinical investigations we showed that NIRS monitoring provides a clinically suitable surrogate of CBF for autoregulation monitoring that is comparable to transcranial Doppler (7, 11, 21, 22) . These findings have widespread implications for patients undergoing cardiac surgery, as NIRS overcomes many of the limitations of transcranial Doppler monitoring (e.g., inability to obtain insonating window, electrical and movement artifact, need for specialized equipment and expertise) and can be performed easily in the operating room and intensive care unit. In this study, we show that basing MAP targets during CPB on COx data rather than on empiric targets has the potential to reduce the prevalence of AKI and, thus, improve overall patient outcomes. Together, these data support COx monitoring as a means for more precise MAP management during CPB.
Preoperative pulse pressure has been identified previously as a risk factor for AKI after cardiac surgery with CPB (4, 23, 24) . In our study, a pulse pressure > 60 mm Hg was more common in those who developed AKI than in those who did not. Elevated pulse pressure indicates central vascular stiffness, which may lead to arteriolar narrowing that necessitates higher blood pressure for renal perfusion during surgery (25) . Aronson et al (4) reported that the magnitude and duration of systolic blood pressure excursions outside of predefined limits (65 to 135 mm Hg intraoperatively, 75 to 145 mm Hg pre-and postoperatively) predicted cardiac surgery-associated AKI. A difference in preoperative and average MAP during CPB > 26 mm Hg was further found to be independently associated with cardiac surgery-associated AKI (26) . These results indicate that raising MAP targets during CPB might reduce the frequency of postoperative AKI. One concern, though, is that blood pressure above the upper limit of CBF autoregulation would result in cerebral hyperemia, increased cerebral embolic load, and cerebral edema that might lead to brain injury. Data from Aronson et al (4, 5) , in fact, suggested that cardiac surgeryassociated AKI was associated not only with hypotension but also with hypertension. Our methods will enable physicians to optimize MAP during CPB within the autoregulation limits of individual patients rather than empirically raising MAP thresholds. Such an approach would thereby prevent hypotension and hypertension.
Limitations
Our study is associated with several limitations. We did not include data on postoperative urine flow that are often considered in defining AKI based on the RIFLE criteria. Urine output data were not collected as we are unsure of the validity of this measurement obtained from the medical record particularly after the Foley catheter has been removed. Failure to incorporate urine output data likely underestimates the frequency of AKI, thus reducing statistical power (27) . Nonetheless, other studies have demonstrated that RIFLE definition without urine data is associated with early and long-term mortality (3, 19, 23) . Further, we do not include other factors in our analysis that might influence risk for AKI, such as timing of preoperative coronary angiography with radiocontrast dye and the concurrent use of nephrotoxic antibiotics. We did not record whether the operating room table during CPB was level or what degree of Trendelenburg positioning was present. It is possible that direct blood pressure measurement at the level of the heart may overestimate renal perfusion pressure when there is Trendelenburg position. This might be particularly important in a patient whose MAP was at or below the limit of autoregulation. This and other factors not considered in our analysis may have led to an underestimation of the observed relationship between blood pressure excursions and AKI. Finally, though the magnitudeduration of MAP below the cerebral autoregulation limit was independently associated with AKI, the small magnitude of the association and the corresponding receiver operating curve data demonstrate that the presently described autoregulation algorithm may need to be improved before it can provide clinically meaningful predictive information regarding cardiac surgery-associated AKI. Nonetheless, these results provide information not previously reported suggesting that intraoperative blood pressure may contribute to AKI. Prospective evaluation of this hypothesis will be necessary.
CONCLUSIONS
Excursions of MAP below the lower limit of CBF autoregulation during CPB were independently associated with AKI.
Monitoring autoregulation with processed NIRS signals may provide a novel method for precisely determining MAP targets during CPB.
